Pathogenic role of calcium-sensing receptors in the development and progression of pulmonary hypertension.
]cyt) in pulmonary arterial smooth muscle cells (PASMC) is a major trigger for pulmonary vasoconstriction and a critical stimulation for PASMC proliferation and migration. Previously, we demonstrated that expression and function of calcium sensing receptors (CaSR) in PASMC from patients with idiopathic pulmonary arterial hypertension (IPAH) and animals with experimental pulmonary hypertension (PH) were greater than in PASMC from normal subjects and control animals. However, the mechanisms by which CaSR triggers Ca 2ϩ influx in PASMC and the implication of CaSR in the development of PH remain elusive. Here, we report that CaSR functionally interacts with TRPC6 to regulate [Ca 2ϩ ]cyt in PASMC. Downregulation of CaSR or TRPC6 with siRNA inhibited Ca 2ϩ -induced [Ca 2ϩ ]cyt increase in IPAH-PASMC (in which CaSR is upregulated), whereas overexpression of CaSR or TRPC6 enhanced Ca 2ϩ -induced [Ca 2ϩ ]cyt increase in normal PASMC (in which CaSR expression level is low). The upregulated CaSR in IPAH-PASMC was also associated with enhanced Akt phosphorylation, whereas blockade of CaSR in IPAH-PASMC attenuated cell proliferation. In in vivo experiments, deletion of the CaSR gene in mice (casr Ϫ/Ϫ ) significantly inhibited the development and progression of experimental PH and markedly attenuated acute hypoxiainduced pulmonary vasoconstriction. These data indicate that functional interaction of upregulated CaSR and upregulated TRPC6 in PASMC from IPAH patients and animals with experimental PH may play an important role in the development and progression of sustained pulmonary vasoconstriction and pulmonary vascular remodeling. Blockade or downregulation of CaSR and/or TRPC6 with siRNA or miRNA may be a novel therapeutic strategy to develop new drugs for patients with pulmonary arterial hypertension.
G protein-coupled receptor; ionic ligand; hypoxia-induced pulmonary hypertension EXCESSIVE PROLIFERATION of pulmonary arterial smooth muscle cells (PASMC) is an important contributor to the concentric pulmonary arterial remodeling, a major cause of the elevated pulmonary vascular resistance (PVR) and pulmonary arterial pressure (PAP) in patients with pulmonary arterial hypertension (PAH) and animals with experimental pulmonary hypertension (PH). Many intracellular signaling cascades are involved in the regulation of cell proliferation and migration; both are involved in the development and progression of pulmonary vascular remodeling (34, 55) . Among various membrane receptors and ion channels functionally expressed in the plasma membrane of PASMC, G protein-coupled receptors (GPCR) are a large family of membrane receptors sensing extracellular stimuli such as growth factors, angiogenic factors, vasoconstrictors, hormones, and inflammatory cytokines (34, 38) . Activation of GPCR by mitogenic and vasoconstrictive factors, as well as upregulated GPCR and GPCR ligands, has been implicated in the development and progression of pulmonary hypertension in patients and experimental animals (61) .
Calcium-sensing receptor (CaSR) is a GPCR that can be activated by extracellular cations (e.g., Ca 2ϩ , Mg 2ϩ , and Sr ϩ ), polyamines (e.g., spermine, spermidine), protamine, polyarginine, aromatic amino acids, aminoglycoside antibiotics (e.g., neomycin), ␤-amyloids, and calcimimetics (e.g., cinacalcet or Sensipar) (5, 7, 10, 12, 21, 35, 55) . CaSR consists of three molecular domains: an extracellular domain (ECD) or extracellular ligand-binding domain, a transmembrane domain, and a cytosolic domain (23) . Different agonists bind to the different domains of CaSR, and extracellular Ca 2ϩ binds to the ECD of CaSR or, more precisely, to the inside pocket of two lobes in the ECD that are separated by a hinge region (30, 50) . Calcimimetics bind to the transmembrane domain, and amino acids bind to the ECD, regions very close to Ca 2ϩ -binding site (28, 49) . For a healthy adult, the free Ca 2ϩ concentration ([Ca 2ϩ ]) in the serum ranges from 4.8 to 5.7 mg/dl (or 1.2 to 1.43 mM), whereas extracellular free [Ca 2ϩ ] around pulmonary vascular smooth muscle and endothelial cells is similar to the concentration in the blood and ranges from 1.6 to 2.0 mM. In human embryonic kidney (HEK), cells transfected with the wild-type (WT) CaSR gene had a threshold for a response to extracellular [Ca 2ϩ ] at 1.5-2.0 mM, an EC 50 extracellular [Ca 2ϩ ] is about 3.5-4.5 mM (46) . Our previous studies showed that the EC 50 of extracellular Ca 2ϩ -induced increase in cytosolic free Ca 2ϩ concentration ([Ca 2ϩ ] cyt ) in PASMC from patients with idio-pathic pulmonary arterial hypertension (IPAH) was 1.22 mM (63) . These observations indicate that the pulmonary vasculature is normally exposed to a range of extracellular [Ca 2ϩ ] that can sufficiently activate CaSR expressed on the surface membrane of pulmonary vascular smooth muscle and endothelial cells.
Activation of CaSR sets into motion a complex series of intracellular Ca 2ϩ signaling events that cause PASMC contraction, migration, and proliferation. Like other GPCRs, CaSR activation increases the synthesis of inositol 1,4,5-phosphate (IP 3 ) and diacylglycerol (DAG) via G protein-stimulated phospholipase C (PLC). IP 3 binds to the IP 3 receptor on the SR membrane and releases Ca 2ϩ from the SR to the cytosol. Depletion of Ca 2ϩ from the SR of PASMC induces Ca 2ϩ entry through store-operated Ca 2ϩ channels (SOC), also referred to as store-operated Ca 2ϩ entry (SOCE). DAG directly activates receptor-operated Ca 2ϩ channels (ROC) in the plasma membrane; the Ca 2ϩ entry through ROC is termed receptor-operated Ca 2ϩ entry (ROCE). In addition to increasing [Ca 2ϩ ] cyt via ROCE and SOCE, extracellular Ca 2ϩ -induced activation of CaSR can also activate other signal transduction pathways [e.g., Akt/mammalian target of rapamycin (mTOR)] to induce cell proliferation (7, 25, 35) .
CaSR is widely expressed in parathyroid glands, bones, and kidney (27) . However, under normal or physiological conditions, the expression level of CaSR in lungs for the pulmonary vasculature is very low (58, 63) . In lung tissues and PASMC isolated from patients with IPAH and animals with experimental PH, we recently reported that mRNA and protein expression of CaSR was significantly greater than in lung tissues and PASMC isolated from normal subjects and control animals (58, 63) . Furthermore, the upregulated CaSR in IPAH-PASMC (and PASMC isolated from animals with hypoxia-induced PH and monocrotaline-mediated PH) was associated with a significant enhancement of extracellular Ca 2ϩ -induced increase in [Ca 2ϩ ] cyt due primarily to augmented SOCE compared with normal and control PASMC (58) .
In this study, our aim was to examine whether genetic deletion of the CaSR gene inhibits the development and progression of pulmonary hypertension in mice and what cellular and molecular mechanisms are involved in the CaSR-mediated PASMC proliferation and migration. The results from this study conducted in CaSR gene knockout mice provide strong evidence that CaSR, a not well-characterized membrane receptor in the pulmonary vasculature, may play an important pathogenic role in pulmonary hypertension, whereas pharmacological blockers of CaSR or siRNAs and microRNAs that can downregulate CaSR may potentially be new therapeutic approaches for patients with PAH and PH associated with lung diseases and hypoxia.
MATERIALS AND METHODS
Experimental animals and hemodynamic measurements. All animal experiments were approved by the University of Arizona Animal Care and Use Committee and were performed according to university guidelines that comply with national and international regulations. To develop the mouse model with experimental pulmonary hypertension, male C57BL/6N mice were exposed to hypoxia (10% O 2) in a ventilated chamber (BioSpherix) for 4 wk. Following the hypoxic exposure, right ventricular pressure was measured by a catheter (Millar Instruments) and positioned in the right ventricle (RV) via the external jugular vein and a 1.4-French pressure transducer (SPF 1030; Millar Instruments). The right ventricular pressure was recorded and analyzed using the AcgKnowledge software (Biopac Systems). The right ventricular systolic pressure (RVSP) was used as a surrogate for pulmonary arterial systolic pressure. After hemodynamic measurement, the heart was excised and dissected to determine the ratio of the RV weight to the left ventricle (LV) and septum (S) weight [RV/(LV ϩ S) ratio], i.e., the Fulton index, as a parameter of RV hypertrophy (RVH). Lung tissues were used for Western blotting analysis and real-time RT-PCR analysis as well as for morphometric analysis.
Histological and morphometric analyses. The Aperio ImageScope system was used to measure vascular wall thickness of the small pulmonary arteries. Briefly, lung tissues were perfused with cold PBS solution to remove blood and then fixed in a 10% normalized formalin solution overnight. The fixed lung tissues were dehydrated, embedded into paraffin, and then sectioned. Slides were further processed for hematoxylin and eosin (H & E) staining. The H & E-stained lung tissue slides were scanned with the Aperio scanner. Using the Aperio ImageScope software (version 11), the external and internal diameters as well as external and internal areas for each pulmonary artery were measured. The pulmonary arterial wall thickness was calculated by the following equation: thickness ϭ (external vessel area Ϫ internal vessel area) Ϭ (external vessel area). The diameter measured for each pulmonary artery was used to categorize it into two groups: the pulmonary artery with a diameter of Ͻ50 m and the pulmonary artery with a diameter between 50 and 100 m.
Isolated perfused/ventilated mouse lung experiment. The PAP was measured using the isolated perfused/ventilated mouse lung system as described previously (51, 58, 66) . Briefly, mice were anesthetized and ventilated with a gas mixture of 21% O 2-5% CO2 in N2 via a rodent ventilator (minivent type 845; Harvard Apparatus). A stainless-steel catheter was inserted into the main pulmonary artery (PA) after a right ventriculotomy was performed, and the PA and ascending aorta were tied together using a 6-0 black silk suture. PAP was measured using a pressure sensor (P75 type 379; Hugo Sachs Elektronik-Harvard Apparatus), which was connected to the PA catheter. The other end of the catheter was connected to a tube for PA perfusion. The pulmonary circulation was maintained in a closed circuit via a peristaltic pump (ISM 834; Isomatec). For data acquisition and data storage, Powerlab 8/30, Quad Bridge Amp, and LabChart (AD Instruments) were used. After basal PAP was stabilized for 40 -60 min, the experiments were performed.
Cell culture. Human PASMC from normal subjects (Lonza, Walkersville, MD) and IPAH patients were cultured in M199 medium (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (Invitrogen, Grand Island, NY), 25 mg/l D-valine (SigmaAldrich, St. Louis, MO), 100 IU/ml penicillin and 100 g/ml streptomycin (Sigma-Aldrich, St. Louis, MO), and 20 g/ml cell growth supplement (BD Biosciences, Franklin Lakes, NJ) in a humidified atmosphere at 37°C and 5% CO2. Use of human lung tissues and cells was approved by the University of Arizona Institutional Review Board. The cells at passage 5-8 were used for the experiments.
Electrophysiological recording. Whole-cell cation currents were recorded and analyzed by the patch-clamp technique using an Axopatch-1D amplifier, an analog-digital converter (Digidata 1200), and pCLMP8 software (Molecular Devices/Axon Instruments, Foster City, CA), as described previously (64). The HEPES-buffered solution was used as the bath (extracellular) solution. The pipette (intracellular) solution contained (in mM) 120 CsOH, 120 aspartic acid, 0.6475 CaCl2, 4 MgCl2, 5 MgATP, 10 HEPES, and 10 EGTA (pCa ϭ 8.0). The pH of the pipette solution was adjusted to 7.2 with 1 N CsOH. Single cells were clamped at a holding potential of 0 mV, and ascending ramp protocol from Ϫ100 to ϩ100 mV for 250 ms was applied to cells every 15 s. Electrophysiological recordings were performed at room temperature (24 -25°C) .
Measurement of [Ca 2ϩ ]cyt. [Ca 2ϩ ]cyt in PASMC was measured according to the previously described method (52) . Briefly, PASMC were grown to passage 5-8 at 50 -60% confluence on 25-mmdiameter circular glass coverslips. The cells were loaded with 4 M fura-2 acetoxymethyl ester (fura 2-AM; Invitrogen/Molecular Probes, Eugene, OR) in HEPES-buffered solution for 60 min at room temperature. PASMC loaded with fura 2-AM were placed in a recording chamber mounted on the stage of an inverted fluorescence microscope (Eclipse Ti-E; Nikon, Tokyo, Japan) equipped with an objective lens (S Plan Fluor ϫ20/0.45 ELWD; Nikon), an EM-CCD camera (Evolve; Photometrics, Tucson, AZ), and the NIS Elements 3.2 software (Nikon) and superfused with HEPES-buffered solution for 30 min to wash out extracellular residual fura 2-AM and allow sufficient time for intracellular esterase to convert fura 2-AM to fura 2. The fluorescence intensity emitted at 520 nm in cells excited by illumination at 340 and 380 nm was measured with a region of interest at the rate of every 2 s. The HEPES-buffered bath solution had an ionic composition of 137 mM NaCl, 5.9 mM KCl, 2.2 mM CaCl 2, 1.2 mM MgCl 2, 14 mM D-glucose, and 10 mM HEPES. The pH was adjusted to 7.4 with 10 N NaOH. The Ca 2ϩ -free bath solution was prepared by replacing CaCl 2 with equimolar MgCl2; 1 mM EGTA was added to chelate the residual Ca 2ϩ in the solution. To determine [Ca 2ϩ ]cyt from fura-2/fluorescence ratios, the intracellular minimal (R min) and maximal fluorescence ratios (Rmax) were determined as described previously (52) . To determine R min, fura-2-loaded PASMC were perfused with a solution containing (in mM) 137 NaCl, 5. Western blotting. Total protein was isolated from PASMC, which were lysed in 1ϫ RIPA buffer (Bio-Rad). Protein was loaded on an 8% acrylamide gel, transferred to an Immobilon-P transfer membrane (Millipore, Bedford, MA), and immunoblotted with anti-CaSR (1: 1,000; Alomone Laboratories) and anti-transient receptor potential canonical (TRPC)6 monoclonal antibody (1:1,000; Alomone Laboratories). Signals were detected using a Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific). The protein levels were normalized to ␤-actin (Santa Cruz Biotechnology) and expressed in arbitrary units.
Transfection of CaSR cDNA. Cultred PASMC were transiently transfected with 2 g of human CaSR cDNA [constructed into pcDNA3.1(ϩ); Invitrogen], 2 g of human TRPC6 cDNA [constructed into pcDNA3.1(ϩ)], 50 nM control siRNA (sc-37007; Santa Cruz Biotechnology), or 50 nM TRPC6-siRNA (s2440; Applied Biosystems/Ambion, Austin, TX) using an Amaxa Basic Nucleofector kit for primary smooth muscle cells (Lonza). Experiments using CaSR-/TRPC6-or siRNA-transfected cells were performed 48 h after electroporation.
Transfection of interfering RNA (siRNA). PASMC were transiently transfected with control small-interfering RNA (siRNA) (10 M, sc-37007; Santa Cruz Biotechnology), TRPC6 siRNA (10 M; Santa Cruz Biotechnology) or TRPC6 (10 M; Santa Cruz Biotechnology) using Xfect siRNA transfection reagent protocol (Clontech Laboratories). [Ca 2ϩ ]cyt measurement and Western blot experiments using siRNA-transfected cells were performed 48 -72 h after transfection.
Drugs and chemicals. A hydrophobic compound, 1-oleoyl-2-acetyl-sn-glycerol (OAG), was dissolved in dimethyl sulfoxide (DMSO) at the concentration of 100 mM as a stock solution; aliquots of the stock solution were then diluted 1,000 times to make a final concentration of OAG at 100 M for the experiment. Lathanum (La 3ϩ ) was prepared as a concentrated stock solution in distilled water, whereas 2-aminoethoxydiphenyl borate (2-APB) was prepared as a stock solution in ethanol and cyclopiazonic acid and NPS-2143 in DMSO. All stock solutions (in water, ethanol, or DMSO) were aliquoted and kept frozen at Ϫ20°C until use. On the day of experiments, aliquots of the stock solutions were diluted 1,000 -2,000 times in the HEPES-buffered bath solution to the final concentrations for each drug. The pH values of all solutions were measured after addition of the drugs and adjusted to 7.4. All drugs were from Sigma Chemical unless otherwise indicated.
Statistical analysis. Pooled data are shown as means Ϯ SE. The statistical significance between two groups was determined by Student's t-test. The statistical significance among groups was determined by Scheffé's test after one-way analysis of variance. Significant difference is expressed in the figures or figure legends as P Ͻ 0.05. ] cyt in PASMC from IPAH patients (in which CaSR expression is significantly upregulated) was often composed of two components: a transient increase due mainly to Ca 2ϩ release or mobilization from the intracellular stores to the cytosol and a sustained or plateaued phase due obviously to Ca 2ϩ influx through Ca 2ϩ -permeable channels in the plasma membrane. As shown in Fig. 1 , the extracellular Ca 2ϩ -induced sustained or plateaued phase of increase in [Ca 2ϩ ] cyt was significantly attenuated by La 3ϩ , a potent blocker of cation channels, in IPAH-PASMC (Fig. 1, A ] cyt in normal PASMC transfected with both CaSR and TRPC6 was doubled compared with the amplitude in normal PASMC transfected with CaSR or TRPC6 alone ( Fig. 2A, right) .
RESULTS

Activation of CaSR by extracellular stimuli induces in
Using patch clamp techniques, we also measured and compared whole-cell cation currents in normal PASMC transfected with an empty vector (Vector) in normal PASMC cotransfected with both CaSR and TRPC6 (CaSR ϩ TRPC6) and in PASMC isolated from IPAH patients (IPAH-PASMC). As shown in Fig. 2B , the amplitude of whole-cell cation currents elicited by a voltage ramp (from Ϫ100 to ϩ100 mV for 250 ms with a holding potential of 0 mV) in normal PASMC transfected with CaSR and TRPC6 (CaSR ϩ TRPC6) was significantly greater than in normal PASMC transfected with empty vector. In normal PASMC, few currents were elicited despite the presence of extracellular Ca 2ϩ (2.2 mM). In normal PASMC transfected with CaSR and TRPC6, we observed significantly enhanced currents in both the absence and presence of extracellular Ca 2ϩ (Fig. 2 , B and C). IPAH-PASMC exhibited large currents with a reversal potential of ϳ0 mV even in the absence of extracellular Ca 2ϩ , yet these currents are enhanced with application of 2.2-mM extracellular Ca 2ϩ . In these experiments, cotransfection of CaSR and TRPC6 in normal PASMC increased the whole-cell cation currents to the level of currents detected in IPAH-PASMC.
Furthermore, in HEK-293 cells transfected with an empty vector (GFP), the application of extracellular Ca 2ϩ caused a very small increase in [Ca 2ϩ ] cyt (Fig. 2F) influx. In vascular smooth muscle cells, it has been reported that TRPC6 is an important TRPC subunit that participates in forming homotetrameric or heterotetrameric channels to function as ROC (32) . To examine whether DAG-mediated Ca 2ϩ influx via ROC is enhanced in IPAH-PASMC, we used OAG, a membrane-permeable analog of DAG that directly activates ROC formed by TRPC3 and TRPC6 (26, 42, 65) , to stimulate PASMC and compared the OAG-mediated changes in [Ca 2ϩ ] cyt in normal and IPAH PASMC. As shown in Fig. 3 , extracellular application of OAG had little effect on [Ca 2ϩ ] cyt in normal PASMC but caused oscillatory increases in IPAH-PASMC (Fig. 3, A and B) . The amplitude and frequency of OAG-induced oscillatory increases were both significantly enhanced in IPAH-PASMC compared with normal control cells (Fig. 3C ). These data indicate that upregulated TRPC6 channels in IPAH-PASMC are functionally sensitive to DAG, a critical intracellular second messenger increased by CaSR activation, and may play an important role in mediating excessive extracellular Ca 2ϩ -induced increase in [Ca 2ϩ ] cyt in IPAH-PASMC.
Taken together, these observations strongly suggest that CaSR is functionally coupled to La 3ϩ -and OAG-sensitive TRPC6 channels in IPAH-PASMC; the receptor-operated and/or store-operated Ca 2ϩ entry via CaSR-mediated TRPC6 activation is an important signaling cascade leading to PASMC contraction, migration, and proliferation in IPAH patients.
In the next set of experiments, we aimed to examine whether the in vitro data showing that upregulated CaSR and TRPC6 functionally interact with each other to coordinately enhance the Ca 2ϩ signaling cascade in PASMC from IPAH patients can be translated into in vivo experiments showing that upregulated CaSR may play a causal role in the development and progression of pulmonary hypertension.
Deletion of the CaSR gene significantly inhibits the development and progression of experimental pulmonary hypertension. To test the hypothesis that upregulated CaSR, as shown in PASMC from IPAH patients, plays a potential causal role in the development and progression of pulmonary hypertension, we first compared pulmonary hemodynamics and structural changes in pulmonary arteries and right ventricle in wild-type (WT) and genetically engineered mice. Since global knockout of the CaSR gene was embryonically lethal, we used the double-knockout mice in which both the CaSR gene (casr) and the parathyroid hormone gene (pth) were knocked out (casr Ϫ/Ϫ /pth Ϫ/Ϫ ) to investigate whether CaSR, via at least in part activation of TRPC6 channels, is involved in the development and progression of pulmonary vascular remodeling and right ventricular hypertrophy in vivo. The development of this model and the phenotypic characteristics as well as the diet requirements have been described previously by Kantham et al. (33) .
The mice were first genotyped using PCR and confirmed the presence of one or two nonfunctional mutant alleles in the casr ϩ/Ϫ /pth Ϫ/Ϫ and casr
/pth Ϫ/Ϫ mice, respectively (Fig. 4,  A and B) . Exposure of WT mice to hypoxia (10% O 2 ) in a normobaric hypoxic chamber for 4 wk significantly increased right ventricular systolic pressure (RVSP), a surrogate marker for elevated pulmonary artery pressure (PAP), from 24.2 Ϯ 2.6 to 41.9 Ϯ 1.6 mmHg (P Ͻ 0.001) (Fig. 4, C-E) . The increased RVSP in chronically hypoxic WT mice was closely associated with pulmonary vascular remodeling determined by a significant increase in pulmonary arterial wall thickness from both small (Ͻ50 M) and medium-sized (50 -100 M) arteries (from 0.47 Ϯ 0.03 to 0.64 Ϯ 0.06 m in vessels with diameter Ͻ50 m, P Ͻ 0.05, and from 0.43 Ϯ 0.03 to 0.73 Ϯ 0.04 m in vessels with diameter between 50 and 100 m, P Ͻ 0.01) (Fig. 4, F and G) . Furthermore, the increased RVSP and increased PA wall thickness in chronically hypoxic WT mice were associated with marked right ventricular hypertrophy (RVH), indicated by a significant increase in the Fulton Index [the ratio of RV/(LV ϩ S)] (from 0.29 Ϯ 0.01 in normoxic control mice to 0.46 Ϯ 0.08 in hypoxic mice, P Ͻ 0.05) (Fig. 5A) .
In casr Ϫ/Ϫ mice (i.e., casr Ϫ/Ϫ /pth Ϫ/Ϫ mice), however, the hypoxia-mediated increases in RVSP, RV/(LV ϩ S) ratio, and pulmonary arterial wall thickness were all significantly attenuated compared with WT mice. As shown in Fig. 4 , the average RVSP in hypoxic casr Ϫ/Ϫ mice (33.3 Ϯ 2.9 mmHg) was significantly lower than in hypoxic WT mice (41.9 Ϯ 1.6 mmHg, P Ͻ 0.001), whereas RVSP in normoxic casr Ϫ/Ϫ mice (21.9 Ϯ 1.3 mmHg) was comparable with RVSP in normoxic WT mice (24.2 Ϯ 2.6 mmHg). The significantly lower RVSP in hypoxic casr Ϫ/Ϫ mice than in hypoxic WT mice was correlated with significantly reduced RVH as determined by Fulton's Index (Fig. 5A) . In addition to RVSP and the Fulton Index, the wall thickness of small (diameter Ͻ50 m) and medium-sized (diameter Ͻ100 m) pulmonary arteries in hypoxic casr Ϫ/Ϫ mice was also significantly lower than in hypoxic WT mice. As shown in Figs. 4 and 5, deletion of casr caused Ͼ50% inhibition of hypoxia-mediated increases in RVSP (Fig. 4E) , Ͼ65% inhibition of hypoxia-induced increase in PA wall thickness (Fig. 4G, bottom) , and ϳ30% inhibition of hypoxia-induced RVH (Fig. 5A, left) .
The systemic arterial pressure (SAP) in casr Ϫ/Ϫ mice was comparable with WT mice. As shown in Fig. 5B , there was no significant difference of systolic and diastolic arterial pressure measured by a catheter positioned in carotid artery between the WT and casr Ϫ/Ϫ mice (Fig. 5B, right) . These data indicate that CaSR is functionally necessary for chronically hypoxic mice to develop pulmonary vascular remodeling and pulmonary hypertension, and downregulation of CaSR expression and/or inhibition of CaSR function may be a good target to develop novel drug therapy for hypoxia-induced pulmonary hypertension or pulmonary arterial hypertension.
Deletion of CaSR gene significantly inhibits acute hypoxic pulmonary vasoconstriction. Hypoxic pulmonary vasoconstriction (HPV) is an important physiological mechanism that directs venous blood from poorly ventilated areas of the lungs to well-ventilated areas to assure maximal oxygenation by maintaining an optimal ventilation/perfusion ratio. Persistent hypoxia, however, causes sustained pulmonary vasoconstriction that may contribute to the elevated PVR and PAP in patients with PH associated with hypoxia and lung diseases and in residents living in high-altitude areas (40, 53) . To determine the functional relevance of CaSR and TRPC6 in the development of acute HPV, we compared high K ϩ -induced increase in PAP and acute alveolar hypoxia-mediated increase in PAP in isolated perfused and ventilated lungs between WT and casr Ϫ/Ϫ or trp6 Ϫ/Ϫ mice. A Trp6 Ϫ/Ϫ mice breeding pair was initially obtained from National Institute of Environmental Health Sciences (Research Triangle Park, NC) and has been used in our previous studies (51) .
Acute alveolar hypoxia (by ventilating 1% O 2 gas into alveoli) reversibly increased PAP and reached its plateau within ϳ5 min in WT mice (Fig. 6A, left, and B) . Compared with the isolated perfused/ventilated lungs from WT mice, the acute hypoxia-induced increase in PAP or HPV was significantly inhibited in isolated perfused/ventilated lungs from casr ϩ/Ϫ /pth Ϫ/Ϫ or casr Ϫ/Ϫ /pth Ϫ/Ϫ mice (Fig. 6A ). These data demonstrate that CaSR is at least partially required for acute HPV in mice.
Infusion of solutions with different concentrations of K ϩ (10, 20, 30, 40, 60, 80 , and 120 mM) into the pulmonary artery caused a dose-dependent increase in PAP in isolated perfused/ ventilated lungs from WT mice. The high K ϩ -induced increase in PAP, due to high K ϩ -mediated membrane depolarization, Ca 2ϩ influx through voltage-dependent Ca 2ϩ channels, and pulmonary vasoconstriction, was comparable in isolated perfused/ventilated lungs from WT and casr Ϫ/Ϫ or trp6 Ϫ/Ϫ mice (Fig. 6, B and C) ; the dose-responsive curve of high K ϩ -induced pulmonary vasoconstriction or increase in PAP in isolated perfused/ventilated lung from WT mice was actually superimposed with the dose-responses curves in isolated perfused/ventilated lung from either casr Ϫ/Ϫ or trpc6 Ϫ/Ϫ mice (Fig. 6C) .
We next compared acute HPV in isolated perfused/ventilated lung from WT and trpc6 Ϫ/Ϫ mice. As shown in Fig. 6 , B-D,similar attenuation of acute HPV was detected in trpc6 Ϫ/Ϫ mice compared with isolated perfused/ventilated lungs from WT mice, which is in agreement with a prior study showing that acute HPV or acute alveolar hypoxia-induced increase in PAP in isolated perfused/ventilated lungs was significantly inhibited in trpc6 Ϫ/Ϫ mice (51, 59). However, neither casr deficiency nor trpc6 knockout blocked the vasoconstrictor response to high K ϩ in isolated perfused/ventilated lungs (Fig. 6, B and C) ; deletion of casr or trpc6 significantly inhibited acute hypoxia-induced increases in PAP (Fig. 6D) . These data suggest that attenuated acute HPV in casr Ϫ/Ϫ or trpc6 Ϫ/Ϫ mice was not caused by a general defect in pulmonary arterial smooth muscle contractility or membrane depolarization-mediated Ca 2ϩ influx through voltage-dependent Ca 2ϩ channels in PASMC but appears to be more specific to the decrease in receptor-operated or store-operated Ca 2ϩ entry in PASMC.
Deletion of CaSR gene significantly inhibits cell migration via reducing CaSR-associated ROCE in PASMC.
Concentric pulmonary vascular remodeling due to increased PASMC proliferation and migration is a major cause for the elevated PVR and PAP in patients with PAH and PH associated with hypoxia and lung diseases and in animals with experimental PH. In WT mice with chronic hypoxia-induced pulmonary hypertension (HPH), extracellular Ca 2ϩ -mediated increase in [Ca 2ϩ ] cyt in freshly isolated PASMC was significantly enhanced compared with PASMC from normoxic WT mice (Fig. 7A) . In PASMC freshly isolated from casr Ϫ/Ϫ mice, however, extracellular Ca 2ϩ -mediated increase in [Ca 2ϩ ] cyt was no longer enhanced by hypoxia (Fig. 7A, bottom) . These data indicate that chronic hypoxia-mediated enhancement of extracellular Ca 2ϩ -mediated [Ca 2ϩ ] cyt increase in PASMC depends on the availability of CaSR or is due potentially and at least partially to upregulation of CaSR. Indeed, downregulation of CaSR with siRNA significantly inhibited PASMC proliferation (determined by BrdU uptake; Fig. 7B ) and migration (Fig. 7, C and D) . These data further demonstrate that CaSR is required for or involved in hypoxia-induced enhancement of Ca 2ϩ signaling as well as PASMC proliferation and migration.
To further examine the potential role of upregulated CaSR in PASMC proliferation, we also conducted pharmacological experiments in vitro using normal and IPAH-PASMC. As shown in Fig. 8 , protein expression level of CaSR in IPAH-PASMC was significantly greater than in normal PASMC ( Fig. 8A ; also see Ref. 63 ). The upregulated CaSR in IPAH-PASMC was associated with a basal increase in phosphorylated Akt (p-Akt) and an enhancement of extracellular Ca 2ϩ -mediated increase in p-Akt (Fig. 8B) . Phosphorylation of Akt or activation of the Akt/mTOR signaling cascade is an important pathway for serum and growth factor-mediated cell proliferation (29) . In the presence of 1.6 mM extracellular Ca 2ϩ as well 10% serum and growth factors, pharmacological blockade of TRPC6 channels with a nonspecific TRPC channel inhibitor, 2-APB, significantly inhibited normal and IPAH-PASMC proliferation determined by the number of cells in the S phase (Fig. 8C) . Blockade of CaSR by 1 and 2 M NPS-2142, an allosteric blocker of CaSR (41), slightly inhibited normal PASMC proliferation but significantly inhibited IPAH-PASMC proliferation (Fig. 8C) . These data indicate that upregulated CaSR in IPAH-PASMC is involved in promoting PASMC proliferation and migration due potentially to CaSR-mediated Akt phosphorylation and SOCE, which ultimately contribute to the development and progression of pulmonary vascular remodeling in patients with IPAH.
DISCUSSION
CaSR is a class C GPCR that is activated by extracellular cations, polyamines, ␤-amyloids, antibiotics, and aromatic amino acids (6) . Activation of CaSR sets into motion a complex series of downstream signaling cascades to cause cell contraction, migration, and proliferation. Previously, we reported that 1) mRNA and protein expression of CaSR is upregulated and extracellular Ca 2ϩ -induced increase in [Ca 2ϩ ] cyt is enhanced (58, 63) and 2) mRNA and protein expression of TRPC6 is upregulated and store-operated Ca 2ϩ entry enhanced (67, 69) ; 4) deletion of the CaSR gene significantly inhibits the development and progression of chronic hypoxia-induced pulmonary vascular medial hypertrophy and pulmonary hypertension (HPH) in mice (casr Ϫ/Ϫ ); and 5) knockout of casr in mice significantly inhibits acute hypoxia-induced pulmonary vasoconstriction in isolated perfused and ventilated lungs.
These data provide compelling evidence that upregulated CaSR functionally interacts with upregulated TRPC6 to coordinately enhance the Ca 2ϩ signaling required for stimulating contraction, proliferation, and migration in PASMC from IPAH patients. Upregulation of CaSR and TRPC6 in PASMC may be an important pathogenic mechanism involved in the development of sustained pulmonary vasoconstriction and excessive pulmonary vascular remodeling. This is evident in our animal model of chronic hypoxia-induced PH, in which upregulation of both CaSR and TRPC6 in PASMC mimics the changes detected in PASMC isolated from IPAH subjects. Pharmacological blockers of CaSR or TRPC6 and siRNA/ miRNA that specifically downregulate CaSR or TRPC6 expression should be considered to develop novel therapies for patients with IPAH and pulmonary hypertension associated with hypoxia and lung diseases.
CaSR-mediated enhancement of Ca 2ϩ signaling and stimulation of Akt/mTOR cascade in PASMC. The upregulated CaSR in lung tissues and PASMC not only occurs in IPAH patients but also takes place in mice and rats with experimental pulmonary hypertension (e.g., chronic hypoxia-induced pulmonary hypertension and monocrotaline-induced pulmonary hypertension). The subsequent enhancement of CaSR-mediated ROCE through upregulated TRPC6 in PASMC may be one of the important pathogenic mechanisms involved in stimulating PASMC contraction, migration, and proliferation and ultimately sustained pulmonary vasoconstriction and concentric pulmonary arterial wall thickening in patients with IPAH and animals with experimental PH.
The upregulated CaSR expression in IPAH-PASMC was also associated with a significant enhancement of basal line expression level of phosphorylated Akt (p-Akt) and a marked increase in extracellular Ca 2ϩ -mediated phosphorylation of Akt. The phosphatidylinositol 3-kinase (PI3K)/Akt1/mTOR pathway is involved in gene transcription and translation, protein synthesis, and cell proliferation. It is unclear whether CaSR-mediated phosphorylation of Akt is dependent of CaSRmediated increase in [Ca 2ϩ ] cyt via Ca 2ϩ influx through TRPC6 in PASMC. Our previous studies showed that platelet-derived growth factor (PDGF) stimulates human PASMC proliferation via multiple intracellular signaling cascades, including the PI3K/Akt/mTOR pathway (43) (44) (45) 54 Polyamines are normally present in the circulation and tissues in a very low concentration; however, polyamine levels (e.g., spermine and spermidine) can be increased significantly during tissue injury (10) . Aromatic amino acids such as phenylalanine, histidine, and tryptophan are essential amino acids for mammals and humans that must be obtained from the daily diet (12) . Therefore, the absorbed aromatic amino acids (phenylalanine, histidine, and tryptophan) can be accumulated in the extracellular space and activate CaSR in the plasma membrane of pulmonary vascular smooth muscle and endothelial cells, especially under the condition that CaSR is upregulated, for example, in PASMC in patients with IPAH.
As described above, most of the ligands or stimulators of CaSR are endogenously present in the circulation and in the lung tissues, and many are present in high concentrations (e.g., extracellular Ca 2ϩ and Mg 2ϩ concentrations are normally ϳ1-2 mM). Therefore, CaSR on the plasma membrane of pulmonary vascular smooth muscle cells, (myo)fibroblasts, and endothelial cells are consistently exposed to a lot of ligands or stimulators; the change in the extracellular ligands' concentration and expression is thus not the critical rate-limiting step for the activation of CaSR and the CaSR-associated intracellular signaling cascades. It is the expression level of CaSR in PASMC and its downstream signaling pathway that control or determine the contribution of CaSR and its downstream signaling cascades in the development and progression of sustained pulmonary vasoconstriction and pulmonary vascular remodeling in patients with IPAH and animals with experimental PH.
The upregulated mRNA and protein expression of CaSR (58, 63) , the subsequent enhancement of extracellular Ca 2ϩ -induced [Ca 2ϩ ] cyt increase (via Ca 2ϩ influx through TRPC6 channels) (11) , and augmentation of CaSR-mediated activation of Akt (Fig. 8B) are major pathogenic causes for vasoconstriction and vascular remodeling observed in patients and animals with pulmonary hypertension. The upregulated TRPC6 further enhanced the CaSR-mediated ROCE and SOCE, resulting in sustained pulmonary vasoconstriction and excessive pulmonary vascular remodeling. CaSR is a unique GPCR that desensitizes very slowly (47) , which allows the upregulated CaSR in PASMC to be activated persistently by high levels of circulating ligands and ligands accumulated in the lung tissues. Our animal model data are limited to using the animal model of HPH, and although it may be interesting to use other experimental models of PH (15), we found that this was a very reproducible model that simulated the changes in CaSR and TRPC6 in PASMC from human IPAH. Therefore, it remains unknown whether CaSR and/or TRPC6 is an important part in the development of severe PH in hypoxia/Sugen5416-induced PH murine models.
Transcriptional and posttranscriptional regulation of CaSR. How CaSR (or TRPC6) is upregulated in PASMC from IPAH patients and animals with experimental pulmonary hypertension remains unknown. The human CaSR gene CASR can be transcriptionally regulated by transcription factors, posttranscriptionally regulated by microRNAs, and epigenetically regulated by DNA methylation (24) . The promoter region of CASR contains numerous binding sites of transcription factors that are known to stimulate cell proliferation (13, 17, 20) . A variety of transcription factors have been demonstrated to be upregulated in PASMC from patients with IPAH and animals with experimental PH (13, 20, 69, 70) , which can directly bind to the promoter of CASR and may activate CASR transcription.
A data-based analysis shows that there are many transcription factors that can directly bind to the promoter of CASR, including NF-B, STAT, SP1, SMAD, octamer transcription factor 1, nuclear factor of activated T cells, cAMP response elementbinding protein, GATA, and activator protein 1. These data direct us to speculate that the increased mRNA and protein expression of CaSR in IPAH-PASMC may be due to transcriptional upregulation induced by increased transcription factors (1, 13, 20, 69, 70) . In addition to the transcription factors, many mitogenic, angiogenic, and fibrotic factors such as PDGF, VEGF, and TGF␤, along with inflammatory cytokines (e.g., TNF␣, IL-1, and IL-6) (31, 57) , have been demonstrated to be upregulated in PASMC and lung tissues from patients with IPAH and animals with experimental PH. These growth factors may be responsible for the upregulation of CaSR via increasing transcription factors that can bind directly to the promoter of CASR and enhance the transcription of CASR.
We also searched for the microRNAs (miRNA or miR) that can potentially regulate the CaSR mRNA and protein level by binding directly to the CaSR mRNA using the in silico prediction approach (provided by microrna.org) (4) . Based on a stringency of the mirSVR score cutoff of Ϫ1.0 to select the top miRNA-mTNA binding pairs (3), there are more than 20 miRNAs with high likelihood to bind to the 3=-untranslated region (UTR) of the CaSR mRNA. These miRNAs bind to the 3=-UTR of the CaSR mRNA and decrease mRNA and/or protein level of CaSR by inhibiting protein translation and/or increasing mRNA degradation (2, 16) . In addition, it has been demonstrated recently that miRNAs can also bind directly to the 5=-UTR of mRNA to inhibit translation and decrease gene expression level (39) . Among the miRNAs that are predicted to bind to the CaSR mRNA, it has been demonstrated that miR-30, miR-92, and miR-126 are downregulated in lung tissues and PASMC from patients with IPAH or animals with experimental PH (8, 9, 60 (Fig. 2) . These data suggest that homotetrameric and/or heterotetrameric TRPC6 channels are required for CaSR-induced ROCE and SOCE, both contributing to the increase in [Ca 2ϩ ] cyt in IPAH-PASMC. In other words, CaSR is functionally coupled to TRPC6 channels in IPAH-PASMC to induce increases in [Ca 2ϩ ] cyt . It is not clear whether there is a similar functional interaction with other isomers of the TRPC family. TRPC1 has been shown to be an important in pulmonary vasoreactivity, yet it appears to have unique functions in the development and progression of PH in animal models (37, 62) . Identifying other isoforms that can functionally couple with CaSR may be an important next step in defining this pathogenic mechanism and developing a novel therapy. In the present study, we have focused on TRPC6, as we have demonstrated previously that it contributes to forming both ROC and SOC in PASMC and is significantly upregulated in PASMC isolated from IPAH patients compared with PASMC isolated from normal subjects and patients without PH (18, 67, 68) . Taken together, the data from this study suggest that the upregulated CaSR functionally interacts with TRPC6 channels via DAG (to induced ROCE) and IP 3 (to indirectly induce SOCE) to coordinately enhance the Ca 2ϩ signaling cascades, leading to sustained pulmonary vasoconstriction and pulmonary vascular remodeling by causing PASMC contraction and stimulating PASMC proliferation and migration.
Conclusion. An increase in [Ca 2ϩ ] cyt in PASMC is not only a major trigger for pulmonary vasoconstriction but also an important stimulus for PASMC migration and proliferation, with both contributing to developing concentric pulmonary arterial remodeling in patients with IPAH and animals with experimental PH. In this study, we identified a new potential pathogenic mechanism involving functional interaction of CaSR and TRPC6 in the development and progression of sustained pulmonary vasoconstriction and pulmonary vascular remodeling in patients with IPAH and animals with experimental PH. Specific blockers of CaSR and/or TRPC6 should be considered to develop novel drug therapies for patients with PAH and pulmonary hypertension associated with hypoxia and lung diseases. Combination therapy targeting both CaSR and TRPC6, along with other existing therapies, may be more effective in patients with severe PH.
